Objectives: The aims of this study were to determine the performance of each variable, to define the optimal diagnostic thresholds and to determine the relative value of assaying chromogranin A (CgA). Design: Prospective study. Methods: Two groups of patients were studied: a control group of 71 patients and a group of 63 patients with a histologically-proven pheochromocytoma (52 pheochromocytomas and 14 paragangliomas). Fourteen of the patients had a family history of the disease. Eleven variables were assayed in each patient, i.e. the plasma and urinary concentrations of amines and their derivatives, and the CgA serum concentration.
Introduction
Pheochromocytomas and/or paragangliomas are rare, heterogeneous tumors of the chromaffin cells. They synthesize the catecholamines norepinephrine (NE), epinephrine (E) and more rarely dopamine (D), either singly or in combination. Their methoxylated metabolites (by the action of catechol-O-methyl-transferase), classified under the term of metanephrines, are normetanephrine NM, metanephrine M, and 3-methoxytyramine 3Met respectively. The laboratory diagnosis of these tumors relies on the identification of excessive secretion of these catecholamines and/or of their derivatives. The need to be able to exclude a disease that can be fatal has led to several metabolic pathways being explored using various approaches (1) (2) (3) (4) . The first assays were those of urinary vanillylmandelic acid, of urinary catecholamines and total metanephrines (free and sulfur-conjugated) (5, 6) , then those of plasma and urinary fractionated metanephrines (7) (8) (9) (10) (11) (12) and most recently those of free plasma metanephrines (13) (14) (15) . No variable on its own gives 100% precision (16) . There is presently no consensus on the most reliable diagnostic method, providing the best quality/price ratio (17) (18) (19) . Since 1998, assays of plasma fractionated metanephrines and of chromogranin A (CgA), a general indicator of neuroendocrine tumors that is highly expressed in pheochromocytomas, have been progressively widely developed and used (16, (20) (21) (22) (23) (24) (25) (26) (27) (28) .
The aims of our study were to evaluate each variable in order to refine and simplify the test methodology, to adjust the decision-making thresholds and assess the relative value of the CgA assay.
Materials and methods
Two groups of patients were studied: a control group and a pheochromocytoma group. The control group consisted of 71 patients (41 women and 30 men) of average age 59 years who had been examined in the Endocrinology Department either for an adrenal growth that had been discovered by chance by scanner or abdominal sonography (nZ18), and/or who presented with clinical signs suggestive of a pheochromocytoma (some of these patients had suffered from primary (nZ18) or secondary (nZ13, six with severe obesity) arterial hypertension). A diagnosis of pheochromocytoma was excluded in the controls by biology (all biological tests (catecholaminesCmetanephrinesCCgA) were in the normal range for 43 patients), by MIBG scintigraphies (nZ13, all normal) and by the follow-up (range 4-6 years).
Sixty-three patients were included in the pheochromocytoma group (27 women and 36 men). The diagnoses were confirmed by anatomical/pathological examinations. All the patients had been surgically operated except one. Fifty-two patients had pheochromocytomas and fourteen paragangliomas. Three combinations of a pheochromocytoma and paraganglioma were detected. A hereditary history was revealed in 16 (24%) of the patients. The inherited pheochromocytoma-associated syndromes are multiple endocrine neoplasia type 2 (nZ2) on account of mutations of the RET gene; von Hippel-Lindau disease (VHL, nZ7) on account of mutations of the VHL gene; and the defined paraganglioma syndromes caused by mutations of the succinate dehydrogenase gene types B-D (SDHB (nZ3), SDHC (nZ2), and SDHD (nZ2)). We described the genetic characterization in (29) . We presented in these series two cases of SDHC mutation: the first a man with a bulky right tymporo-jugular paraganglioma (inextricable by surgery). The mutation was in the codon 158 (L158P). He was treated by radiotherapy and 131-MIBG. The second case, a man with inter-aortico-cave hormoneactive recurrent paraganglioma. The mutation was in the promoter (c.-38GOA). The mean age of the present patients was 49 years for the sporadic cases and 38 years for the hereditary ones. All patients have a normal renal function except two patients (one with pheochromocytoma and the other in the control group), who were at the upper limit of the normal range. The length of major axis of the tumor(s) was systematically recorded in the anatomical/pathological report.
Serum and urine samples were collected (for serum, after fasting and drug arrest such as a and/or b blockers for minimum 3 days, a week or more where possible). The urinary results were corrected by the creatininuria value. The urinary assays of catecholamines and metanephrines were conducted on a 24 h urine sample, collected on 6 M HCl (15 ml per 2 l bottle) and were stored at C4 8C. After adjusting the urine to pH 6, the free catecholamines (nonconjugated) were extracted on a cation-exchange resin (Chromsystems, Munich, Germany). The elution was conducted with 4% boric acid. Dihydroxybenzylamine was used as an internal standard.
The metanephrines were first hydrolyzed, in order to assay the total metanephrines (free and conjugated).
After adding 40 g/l ammonium pentaborate to complex the catecholamines and adjusting the solution to pH 6-7, the extraction was conducted on the same cationexchange resin as previously, but this time the elution was conducted with 0.2 mol/l ammonium acetate. 3-methoxy-4-hydroxybenzylamine was used as an internal standard.
The plasma assays of catecholamines and metanephrines were conducted on a blood sample collected onto lithium heparinate containing metabisulfite, after resting the patients in a supine position for 30 min. The catecholamines were extracted on alumina (Chromsystems) with an elution by perchloric acid, and the metanephrines (after hydrolysis) on cation-exchange resin (Chromsystems).
The separation of urinary catecholamines and metanephrines and of plasma metanephrines was conducted by HPLC on a Hypersil ODS 5 mm column (Alltech, Templemars, France) and on a Nova-Pak column (Waters, Guyancourt, France) for the plasma catecholamines. The detection was by coulometry, on a Coularray (ESA, Chelmsford, USA). We measured freeCconjugated plasma metanephrines. The within-test coefficients of variation (CV) were lower than 5%, and the between-tests CVs were lower than 10% (respectively at 7.6 and 5% for a normetanephrine concentration to 6.1 and 34.4 nmol/l and 9.9 and 9.8% for a metanephrine level to 2.3 and 6.2 nmol/l). The three catecholamines and the metanephrines were assayed together in the same operation. Reference values for the assays were established on mostly normotensive subjects. The cut-off levels of the laboratory were 47, 14, 290, 260 and 190 nmol/mmol creat for NAu, Au, Du, NMu, Mu respectively and 3.55, 0.44, 12.5, 3.4 nmol/L for NAp, Ap, NMp, Mp, 100 ng/mL for CgA assay. These are close to those recommended in the literature (5) .
The serum concentrations of CgA were measured by radio-immuno assay (Ref CGA-RIA-CT; Schering, Gif-surYvette, France) in a prospective manner. This assay uses two monoclonal antibodies: one coated on the reaction tube, the other labeled with iodine 125. Recombinant human CgA was used as a standard. The free and bound phases were separated in the assay by suction. Normal values have been established as being !100 ng/ml (23) . The intratest coefficient of variation was !5%. The intertest coefficients were equal to 9.35 and 7.25% at concentrations of 100 and 370 ng/ml respectively (nZ 21). The CgA immunoreactant is stable.
The performances of various indicators were compared by analyzing the receiver operating characteristic (ROC) curves. The areas under the curves, considered to be the best quantitative indices, were calculated by a personal computer program. The values for the sporadic and hereditary groups were compared by the Mann-Whitney test. The sensitivities, specificities and positive and negative predictive values were calculated using standard formulae. Table 1 summarizes the medians (ranges in brackets) for each parameter in controls, and in sporadic and hereditary diseases. On the basis of the laboratory reference values, all the five serum variables gave false positive results of 6-24%, i.e., 7% for NAp, 8% for Mp, 8% for CgA, 9% for Ap, and 24% for NMp. Four of the six urinary variables gave false positive results of 2.9-12.3%, i.e., 2.9% for the Du assays, 4% for NAu, 6% for Metu (nZ17 only), and 12.3% for NMu.
Results
For a more legible presentation, the ROC curves are shown in Fig. 1A and B. The three most efficient curves, for the variables NMu, NMp and CgA, are shown in Fig. 1A . The ROC curves for the other eight variables are shown in Fig. 1B . The areas under the curves were estimated to be 0.992 for NMu, 0.990 for NMp and 0.988 for CgA. They were between 0.930 for NAu and 0.689 for Du. In increasing order of their area under the curve, the variables could be ranked as follows: Du!Au!Ap! Mp!Mu!3Met!NAp!NAu!CgA!NMp!NMu. Moreover, we considered plasma norepinephrine and epinephrine as one single test. This should be done similarly for metanephrines. ROC curves for only five parameters are shown in Fig. 2 . We found no significant differences between the five areas under the curves.
The distributions of the CgA, NMp concentrations in the controls and the patients with pheochromocytomas are shown in Figs 3 and 4. For a patient in the control group we observed an elevated CgA concentration due to omeprazole.
There were significant correlation coefficients between the length of the major axis of the tumor and all the biological variables except three (the assays of urinary, plasma noradrenaline and urinary adrenaline). The significances were between 0.02 and 0.05 for the assays of plasma adrenaline, between 0.01 and 0.02 for that of 3Metu, between 0.01 and 0.001 for CgA, Mu and Du and !0.001 for the assays of plasma and urinary normetanephrine and plasma M.
The comparison of the values for biological variables for sporadic and hereditary diseases is shown in Table 2 . Significant differences were found for four variables (the assays of plasma and urinary epinephrine and metanephrines).
The sensitivity, specificity, negative, and positive predictive value for each variable and the positivity threshold are shown in Table 3 .
Discussion
This study involved laboratory tests on 63 pheochromocytomas and/or paragangliomas conducted between 1998 and 2005 at a single center. Twenty-four percent of the patients presented with these diseases in a hereditary context, which is the generally accepted figure since genetic tests were developed (29, 30) . Neuman et al. (30) found that on average hereditary pheochromocytomas were detected 14 years earlier than sporadic cases. We found a difference of 11 years. Hereditary pheochromocytomas can therefore be of a very small size (!1 cm) and difficult to detect.
Pheochromocytoma can be fatal and it is important to diagnose whilst the disease is still curable by surgery. The laboratory diagnosis of pheochromocytoma relies on demonstrating a hypersecretion of catecholamines and/or their derivatives (31) . The use of plasma assays is more convenient for patients seen during consultations than collecting 24 h urine samples which are often incomplete. The urinary assays conducted after deconjugation reflect the conjugated forms produced by the tumor but also by other tissues. Recently, assays of free plasma metanephrines have been proposed in order to avoid false positives from free plus conjugated normetanephrines and metanephrines in cases of renal insufficiency. Free metanephrines reflect continuous production by the tumor in contrast to the sporadic secretion of catecholamines. Their measurement is probably little affected by sympathoadrenal stimulation. The measurement of such low concentrations can require the use of sophisticated equipment (mass spectrometry coupled to an HPLC system) which is only available in specialist centers. The results of urine tests expressed in relation to creatinine levels have shown less dispersion than those expressed in terms of the 24 h urinary output. We observed fewer moderately elevated values in the control group for the assay of Table 1 Median values (ranges in brackets) of the various biological variables in the controls and in the sporadic and hereditary diseases (the urinary assays are expressed in nmol/mmol creatinine, the plasma assays in nmol/l and the chromograninA (CgA) in ng/ml).
Controls (nZ71)
Sporadic diseases (nZ49) Hereditary diseases (nZ14) urinary noradrenaline (4 and 25%) and normetanephrine (12.3 and 29%). This is presently the most favored method of presentation which we have used for the calculations.
The examination of the results of the assays in the control group revealed that five plasma variables gave false positive results, as did some urinary variables (four out of five). Two variables showed falsely high values, namely NMp (24%) and NMu (12.3%). It seems that the use of the thresholds of normality for these assays has certainly been under-estimated. There are many causes of interference that can either be varied or the same, depending on whether the assays are conducted on catecholamines, metanephrines, or CgA. Three main causes of interferences in the assays that can explain the false positives encountered have been reported in the literature: diet, drug use and stress. For the assays of urinary and plasma catecholamines, taking cinnamic acid or its derivative dihydroxycinnamic acid (excellent substrates for the catechol O-methyltransferase) can cause elevated values. Many foods can contain sometimes unidentified substances that interfere with the HPLC assays. It is always best to collect plasma samples after fasting. Although the method for assaying urinary catecholamines and metanephrines has been described as being free from drug interferences (32) (33) (34) , this problem is still presently being debated. For example, Eisenhofer's team admitted that they had 15% false positives in their assays of free plasma metanephrines, half of which could be explained by taking medicines (35) . According to them, the medicines most frequently blamed are tricyclic antidepressants, phenoxybenzamine and even paracetamol. Sawka et al. false positives for the assay of CgA in patients recruited in a cardiology unit specializing in hypertension. Two thirds of the raised values were caused by renal insufficiency and the other third by taking proton pump inhibitors. These false positive results can lead to the unnecessary prescription of imaging such as MIBG scintigraphy or abdominal scans. ROC curves provide an integrated comparison of sensitivities and specificities and can readily identify the most effective variables. The comparison of the various tests was conducted using the areas under the curves. The areas under the curves were between 0.992 for NMu and 0.689 for Du, which illustrates great variability in the performance of the tests used. The classification into increasing order of performance clearly showed that whatever the metabolic pathway, the assays of metabolites were always shown to be better than those of the amines from which they are derived. This was the case for the assays of urinary and plasma metanephrines which were more efficient than those of urinary and plasma epinephrine, those of 3-methoxytyramine were better than those of urinary dopamine and those of normetanephrines were the most sensitive and specific. These results have been reported several times in the literature (39, 40) and in Fig. 2 . Dopamine-secreting paragangliomas are extremely rare neoplasms that can only be diagnosed by the assay of plasma methoxytyramine (41) . Overproduction of dopamine in patients with pheochromocytoma seems to be correlated with a higher risk of malignancy of hypotension. Moreover, dopamine secreting pheochromocytomas or metastasis often did not accumulate metaiodobenzylguanidine, thus failed to be detected and treated by [
131 I]MIBG. To obtain the best sensitivities and specificities and to decrease the number of false positive results, we have raised the decision-making thresholds for the three bestperforming variables, by increasing these by 20% for CgA and by doubling them for the assays of plasma and urinary NMN. We have therefore fixed them at 120 ng/ml for CgA, 27 nmol/l for NMNp and 3820 nmol/24 h for NMNu.
As with Sawka et al. (40) we found a better mean specificity with urinary assays (98.2%, range from 96.9 to 100%) than with plasma ones (93.6%, range from 89.7 to 98.6%). This is valuable for the detection of pheochromocytomas in a sporadic context, where the best possible specificity is required. Like them, we also found a very good sensitivity for the plasma normetanephrine assay. These powerful tools allow pheochromocytomas and/or hereditary paragangliomas to be detected in the best possible conditions.
The use of a CgA assay in addition to those of catecholamines and/or metanephrines has been little studied in the literature. The publications are either old (24) or used an ELISA test with different immunoreactives from those we used (28) . The reactive that we used had two monoclonal antibodies that recognize the The urinary parameters are in nmol/mmol creatinine, the plasma in nmol/l, and the CgA in ng/ml.
central domain of the CgA molecule. This combination of antibodies detects most of the forms of CgA in the blood stream. In contrast, assays using antibodies directed against the median part of the molecule or against C-terminal epitopes will be more affected by proteolysis phenomena (42, 43) . In this study, the assay of CgA showed excellent sensitivity and specificity in the absence of renal insufficiency. Its performance brought it into the top three best variables. Figure 3 clearly illustrates the distributions of concentrations in the controls and in the subjects with pheochromocytomas. We have confirmed that this general indicator of neuroendocrine tumors has a good reactivity in cases of both pheochromocytomas and paragangliomas. Its plasma concentration is proportional to the tumor mass (23) as is that of metanephrines. In our experience, it has been found lacking in hereditary contexts because these tumors can be very small in size. The main causes of interference in the CgA assay are renal insufficiency (27) , followed by proton pump inhibitors or corticosteroids (23, 37) . Renal insufficiency raises the CgA concentrations and those of metanephrines (44) . The increase is correlated with the creatinine clearance rate. We also found the sensitivity and specificity reported in these conditions by Canale et al. (27) . The excellent negative predictive value (97%) of this variable is useful in cases of interference from medicines encountered in the assays of metanephrines. Tricyclic antidepressants such as phenoxybenzamine do not interfere in the assay of CgA. In this study, the assay of CgA was a perfect back-up analysis. Its combination with the assays of fractionated metanephrine increased their sensitivity to 98.4%. Using this combination, we obtained a sensitivity and specificity close to those of free plasma metanephrine assays. This easily-conducted plasma assay is an excellent early indicator of the urgency for surgical removal (23) . The epinephrine pathway is therefore less well expressed in the context of hereditary diseases. These results are in agreement with those of Eisenhofer et al. (45) , who found an over-expression of the norepinephrine pathway in paragangliomas and in VHL disease. Half of our group hereditary disease group consisted of paragangliomas and five patients out of the fourteen had a mutation of VHL.
In conclusion, our study of eleven variables in the laboratory diagnosis of 66 pheochromocytomas and/or paragangliomas showed that it is important to carefully adjust the diagnostic thresholds of the most sensitive variables, that were shown to be assays of plasma and urinary normetanephrines and the CgA. In our experience it appears that 1) the assays of metabolites were always more effective than those of the amines from which they are derived, 2) the urinary assays had a better specificity and 3) the serum assays provided better sensitivities specially when combined with the assay of CgA.
